Novel spectro-electrochemical cell for in situ/operando observation of common composite electrode with liquid electrolyte by X-ray absorption spectroscopy in the tender X-ray region Rev. Sci. Instrum. 85, 084103 (2014) We report a methodology for a direct investigation of the solid/liquid interface using high pressure x-ray photoelectron spectroscopy (HPXPS). The technique was demonstrated with an electrochemical system represented by a Li-ion battery using a silicon electrode and a liquid electrolyte of LiClO 4 in propylene carbonate (PC) cycled versus metallic lithium. For the first time the presence of a liquid electrolyte was realized using a transfer procedure where the sample was introduced into a 2 mbar N 2 environment in the analysis chamber without an intermediate ultrahigh vacuum (UHV) step in the load lock. The procedure was characterized in detail concerning lateral drop gradients as well as stability of measurement conditions over time. The X-ray photoelectron spectroscopy (XPS) measurements demonstrate that the solid substrate and the liquid electrolyte can be observed simultaneously. The results show that the solid electrolyte interphase (SEI) composition for the wet electrode is stable within the probing time and generally agrees well with traditional UHV studies. Since the methodology can easily be adjusted to various high pressure photoelectron spectroscopy systems, extending the approach towards operando solid/liquid interface studies using liquid electrolytes seems now feasible. C
INTRODUCTION
In electrochemical systems, the conversion between electrical and chemical energy occurs through redox reactions in the interface region between a solid electrode material and most often a liquid electrolyte. Improvements of such systems when it comes to efficiency, long term stability, etc., require in-depth knowledge of the composition, formation, and chemical processes occurring at these interfaces under operating conditions. 1 For example, in Li-ion batteries the first lithiation process is accompanied with an irreversible loss of cycleable lithium due to the formation of an interphase layer at the negative electrode. This functional layer is referred to as the solid electrolyte interphase (SEI), [2] [3] [4] and the composition of the SEI largely influences the short and long-term performance of the battery. Therefore, understanding the formation, composition, and dynamics of the SEI is a key question in Li-ion battery development.
A variety of characterization techniques have been applied to investigate SEI formation, such as atomic force microscopy (AFM), scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and Fourier transform infrared spectroscopy (FTIR). 3, 5 Among all these techniques, XPS, with its high surface sensitivity, is a technique perfectly suited to study the a) E-mail: maria.hahlin@physics.uu.se composition of the interfaces in Li-ion batteries and has as such already been widely used in this field. [6] [7] [8] [9] [10] [11] Specifically, the combination of synchrotron radiation based soft and hard x-ray photoelectron spectroscopy is capable of yielding comprehensive information about the SEI through non-destructive depthprofiling. 6, 10, [12] [13] [14] Traditionally, electron spectroscopy has been limited to measurements under high to ultrahigh vacuum conditions (UHV) (below 10 −6 mbar). The recent instrumental developments, e.g., introducing efficient differential pumping systems, have relaxed the vacuum constraints, and the field of high pressure x-ray photoelectron spectroscopy (HPXPS) has developed. 15 The growth of new instrumentation for HPXPS systems has been very rapid during the past years both when it comes to in-house and synchrotron based setups. It started in Uppsala by Siegbahn and co-workers in the 1970's where in-house based systems for gases at high pressures and liquids were developed. [16] [17] [18] [19] These laboratory based systems were followed by installations at synchrotron radiation facilities. [19] [20] [21] [22] [23] Recently, high performing laboratory based HPXPS systems have again emerged, and the technique is now commercially available. 15, 24, 25 When it comes to battery research, the new HPXPS instrumental developments allow for XPS measurement under more realistic battery operating conditions. In some of the HPXPS instruments, measurements at pressures of up to 25 mbar are possible. 15, 26, 27 Although this does not fully reach atmospheric conditions, this pressure is higher than the vapor pressure of many Li-ion battery electrolyte solvents, and, most importantly, these pressures allow liquid electrolyte to be present within the analysis chamber of a HPXPS instrument. This is a remarkable step forward in instrumentation usability when it comes to understanding batteries in operando at an element specific chemical level.
To date, only a few published articles on in situ HPXPS studies of Li-ion batteries can be found. [28] [29] [30] In these, it has been demonstrated that HPXPS can be used for following the electrochemical processes in batteries and obtaining new insights into the reaction mechanism in the Li-air chemistry. Common for the investigated systems is, however, that they do not contain the interface between the solid electrode and the electrolyte. In this article, we present a versatile HPXPS method for measuring directly at the solid/liquid interface that can be swiftly implemented on Li-ion battery systems. The battery is not exposed to air and needs no intermediate UHV sample introduction step. This article reports for the first time HPXPS results on the SEI layer at which also the carbonate based liquid electrolyte is present.
MATERIALS AND EXPERIMENTAL
The Si|LiClO 4 in propylene carbonate (PC)|Li battery system was chosen as a model system. The electrolyte solvent PC was chosen due to its low vapor pressure of 0.04 mbar at 20
• C. 31 Silicon was selected as model electrode material since it is considered to be the most promising anode material for next generation lithium ion batteries due to its high gravimetric capacity (∼3600 mAh/g, almost 10 times higher than conventional graphite electrode). 32, 33 However, Si anodes suffer from large volume changes during cycling (up to 400% expansion during lithiation), which results in problems such as high mechanical stress, active material loss, and loss of electric contact. 34, 35 Therefore, an electrochemically and physically stable SEI is essential for these batteries to achieve long time cycling without rapid capacity fading.
Silicon electrodes were prepared by coating a slurry of silicon nano-powder (Alfa Aesar), super-P carbon black (Erachem Comilog), and sodium carboxymethyl cellulose (CMC-Na, Sigma Aldrich) with a mass ratio of 80:12:8 onto a copper foil. The slurry was first ball-milled for 1 h and then casted on the Cu foil using doctor-blading. The electrodes were punched with a diameter of 20 mm and dried under vacuum at 120
• C for 12 h. The mass loading of the electrode coating was approximately 1.7 mg per punched electrode. The electrolyte used was 1 M LiClO 4 (Aldrich) in PC (NOVOLYTE technologies). The salt was dissolved in PC and stirred for 3 days. The salt LiClO 4 was dried under vacuum at 80
• C for 12 h prior to the electrolyte preparation.
The Silicon|electrolyte|Li half-cell was assembled inside an Argon-filled glove box (O 2 < 2 ppm, H 2 O < 1 ppm) by sandwiching an electrolyte-soaked Solupor polymer separator between the respective Si and Li electrodes and subsequent vacuum-sealing of the stack into a pouch cell. The battery was cycled at a current density of 250 mA/g between 0.01 V and 0.9 V (vs. Li/Li + ) for 1 cycle. All electrodes were washed and individually vacuum-sealed inside the glove box to be transported to the measurement station without air contact.
The HPXPS setup (see Figure 1 ) contained a Scienta R4000 HiPP-2 high pressure analyzer and a monochromatized Scienta MX650 HP AlKα X-ray source combined in a system equipped with an analysis chamber, a load lock chamber, and a manipulator, as reported in Ref. 26 . The analyzer was operated using the swift acceleration mode type of operation 36 using the 0.8 mm diameter front cone. The sample was placed 0.8 mm from the first aperture resulting in an actual pressure in the vincinity of the sample of at least 95% of the measured pressure. 20 The sample was introduced via the glove bag (polyethylene glove bag, 91717.LK, VWR International AB) into the load lock in a nitrogen atmosphere (99.999% Alphgaz 1™ from Air Liquide AB). All spectra are internally referenced with respect to the C1s emission of carbon black in the pristine electrode, set to 284.5 eV. 37 The spectral intensities are normalized to the number of sweeps. Direct comparison of absolute intensities is not attempted between different samples and different measurement positions. However, in cases where sample position and instrumental settings were kept constant, intensities were compared in order to follow changes with time. The intensity (peak area) was obtained by integration of the respective curve fit. The spectra were curve fitted after Shirley background subtraction using Voigt profiles with Lorentzian contribution of 20%-30%. 
METHODOLOGY DEVELOPMENT AND EVALUATION
The development and characterization of a new sample transfer procedure aiming for HPXPS studies on solid electrode electrolyte interfaces is demonstrated. In the sections on Sample Transfer Procedure, The Electrode Electrolyte Interface, and Time Dependent Evolution of the Electrolyte Drop, the use of this transfer procedure for developing a methodology for direct measurements on wet functional interfaces is evaluated by comparing measurement positions and by following the solvent evaporation with time. Finally, the first results on an electrochemically modified battery interface are discussed in the section on The Electrode Electrolyte Interface on Electrochemically Modified Si Electrode.
Sample transfer procedure
Our previous results have shown that the sensitive nature of the battery components requires a protected environment, especially limiting exposure to H 2 O and O 2 , during sample handling. 38 Hence, a glove-bag was mounted on the load lock (see Figure 1 (b)), which was subsequently flushed three times with N 2 gas. Inside the glove bag, a vacuum-sealed bag containing a pristine Si-electrode was opened and the electrode was positioned on the HPXPS manipulator inside the load lock. Once in place, a drop of electrolyte was deposited on the pristine electrode, followed by a fast pump down to HPXPS conditions (e.g., 2 mbar or other desired operating pressure). The instrumental construction allowed for separate control of the vacuum conditions of the load lock and the analysis chamber (i.e., two individual pumping systems and N 2 gas inlets, see Figure 1 ), and thus simultaneously, a 2 mbar atmosphere set by the N 2 amount was created within the chambers. Once this condition of equal N 2 pressures was established, the valve between the load lock and analysis chamber was opened, and the sample was moved to measurement position. With this procedure, the sample is never exposed to high vacuum conditions, and thus, the electrolyte is still present as a liquid drop on the electrode. To our knowledge, this is the first time samples are moved from controlled atmospheric pressure conditions directly into HPXPS conditions without passing high vacuum. Importantly, this procedure opens for HPXPS investigations of samples sensitive to vacuum, e.g., direct study of wet chemistry samples. The time elapsed between first pumping and start of the measurements was typically only 15-30 min. Figure 2 shows pictures from the sample transfer procedure; the dropping of the electrolyte on the pristine electrode inside the load lock (Figure 2(a) , position within the setup indicated in Figure 1 ) and the sample in measurement position, where the drop of electrolyte is clearly visible (Figure 2(b) , position in the setup indicated in Figure 1) .
A key advantage with the method is that it does not require a high vacuum sample introduction step, and from Figure 2(b) , it is clear that this sample transfer procedure yields a battery sample that can be analyzed with both solid and liquid present. This is demonstrated for a sample prepared by drop of a PC based electrolyte deposited on a Si electrode (see Figure 3) introduced to UHV and 2 mbar sample pressure, respectively. When using the new method (i.e., 2 mbar spectrum), the 
The electrode electrolyte interface
After successful transfer of the electrode with a liquid drop of electrolyte, HPXPS measurements were performed at different sample positions. When moving the sample in the vertical direction with respect to the analyzer, we observed that the differential pumping through the analyzer front cone affects the position of the liquid drop (as can be seen in Figure  2(b) ). The results clearly confirm the presence of the liquid state of the electrolyte, which, as demonstrated below, can be used to access the electrode electrolyte interface.
The corresponding Si2p, C1s (with the Cl2s on the lower binding energy side), and O1s spectra for the respective positions are represented in Figures 4(a)-4(c) , where the bottom spectra correlate to the measurement position directly at the drop of electrolyte, the middle spectra were recorded for the intermediate measurement position, and the top spectra correspond to a dry Si-electrode as reference, as indicated in Figure 4 
(d).
This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP: From the evolution of Si2p, C1s, and O1s photoemissions, it is clear that the different sample positions give different relative core level intensities in a comparison between peaks originating from the solid and liquid. In the Si2p region for the interface measurement position and the reference electrode, all observed emission lines are attributed to the bulk solid electrode. No distinct Si2p emission could be observed for the measurement at the regions of the sample with a visually observable electrolyte drop. This indicates that the thickness of the drop is well beyond three times the inelastic mean free path of the photoelectrons generated at the solid electrode electrolyte interface at the corresponding kinetic energy. 39 Consequently, the obtained carbon and oxygen emissions are predominantly attributed to the electrolyte for this sample position. The presence of the electrolyte is also confirmed by the Cl2s signal at around 280 eV originating from the salt LiClO 4 
In the C1s spectrum of the liquid electrolyte, the two higher binding energy peaks are attributed to the carbon atom in the carbonate and ester position in the PC molecule based on their characteristic binding energy difference. 41 These distinct contributions from the solvent PC are indicated by the dotted lines in Figure 4 . The most intense C1s line most likely originates from the methyl group as well as adsorbed hydrocarbons indicating that the transfer system relying on a glove bag is not ideal in terms of prevention of contaminations. Additionally, it cannot be excluded that carbon containing species from the electrode have dissolved in the liquid electrolyte and accumulate at the droplet surface. Contribution from the solid electrode material in the position referred to as electrolyte may be fully excluded as the photoelectrons at the C1s (and O1s) core level have lower kinetic energy than the electrons stemming from Si2p and the latter is not observed.
To unequivocally access information from the interface, the sample is moved in a vertical direction in front of the analyzer. This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP: pristine electrode. In the carbon and oxygen emissions, the peaks expected for the PC based electrolyte are observed. Additionally, changes in line-shape compared to the electrolyte spectra can be observed also indicating substrate and potentially specific interfacial contributions. This becomes evident (i) in the C1s spectra in the changed intensity ratio between the carbonate ester component at 292 eV and the main carbon emission at 286 eV, which is also broadened due to the overlap with the substrate carbon black peak and (ii) in the O1s spectra in the intensity increase of the low binding energy oxygen component assigned to bulk electrode (SiO x and CMC binder) with respect to the shoulder at higher binding energies (i.e., 536 eV). Moreover, the O1s emission in the interface spectrum can be described as a superposition of electrode and PC signal by taking the reduction in Si2p intensity between the reference electrode and interface spectra as a measure for the damping of the substrate signal. The presence of both substrate and electrolyte emissions shows that the interface region between solid and liquid is probed.
The presented results clearly demonstrate that with this approach, it is possible to obtain information about the functional solid-liquid interface between electrode and electrolyte using HPXPS.
Time dependent evolution of the electrolyte drop
To study the behavior of the liquid electrolyte during HPXPS measurements in more detail, time dependent studies at different sample pressures have been performed. The sample pressures were set by the N 2 amount. The core level spectra were recorded for a drop of electrolyte on an electrode at 2 mbar as a function of time. These measurements were followed by measurements at UHV conditions. Similar measurements for a drop of electrolyte on an electrode at 0.7 mbar pressure with following pressure reduction to 0.3 mbar and subsequently to UHV conditions were performed. In Figure 5 the time evolution of the O1s and C1s spectra at 2 mbar and subsequently UHV is shown. The zero point of the time scale refers to the starting time of the pumping process (from N 2 atmospheric pressure to the mbar region) during sample introduction.
Both the O1s and the C1s emissions undergo a continuous change in line shape with increasing time between the first and last measurements at 2 mbar. Once under UHV conditions, the spectral characteristics have changed drastically. Specifically, in the C1s spectrum, the intensity of the two higher binding energy components at 292.2 eV and 288 eV originating from PC decreases with time relative to the C1s component at 286 eV. At UHV conditions, the two higher binding energy PC components have vanished. Additionally, the emissions at 288 eV and 286 eV shift towards lower binding energies. In the O1s spectrum, the line shape gradually changes from two clearly resolved peaks with one at 535.4 eV and a second at around 533.5 eV to a single, broad peak positioned at 534 eV at UHV conditions. Additionally, an increase in the Si2p emission from the substrate was detectable from 93 min on (see supplementary figure S1 42 ). The same qualitative change in line shapes could be observed for the measurements at 0.7 mbar with subsequent pressure adjustment to 0.3 mbar after 80 min and followed by UHV measurements, only the changes are much more pronounced also for shorter times in case of lower pressures (see supplementary figure S2 42 ). Qualitatively, all these observations are in line with solvent evaporation leading to a reduced droplet thickness and thus increased substrate signal intensity. We therefore conclude that the thickness of the liquid electrolyte layer during the procedure is within range of the XPS information depth allowing us to probe both the electrolyte as well as the electrode.
In order to further quantify the spectral changes with time and pressure, the PC contributions in the C1s and O1s spectra were determined. The overall curve fitting results are represented by solid lines while the original data points are given as dotted lines in Figure 5 . To exemplify the de-convolution, the separate components are shown as shaded areas for the spectra obtained at 11 min and 166 min in Figure 5 . The C1s carbonate ester component (shaded red) is not overlapping with any other component and is thus chosen for primary evaluation of the electrolyte intensity with time. Due to overlapping oxygen emissions from substrate and electrolyte, the intensity evaluation of the O1 is more complex; however, in combination with the C1s carbonate ester evaluation, it can provide information about the solvent. Therefore, also the oxygen emission at 535.4 eV originating from the ether oxygen atoms in PC is chosen for evaluation. The obtained peak areas from the respective curve fits are plotted as intensities relative to the initial intensity (i.e., relative to the first recorded spectrum taken at 11 min) versus the time elapsed between measurements and first pumping in Figure 6 (a). It is clear that the relative intensity of both the evaluated C1s and O1s components initially decrease rather steadily. The rate of intensity decrease is very similar in carbon and oxygen indicating that the whole PC molecules evaporate.
Plotted in Figure 6(b) is the relative intensity of the carbonate ester component for the measurements starting at 2 mbar and 0.7 mbar, respectively. For a starting pressure of 0.7 mbar, the decrease in relative intensity is faster compared to the measurements starting at 2 mbar, as can be seen from the steeper slope described by the individual green squares compared to the red diamonds in Figure 6(b) . These results are interpreted as that the N 2 base pressure influences the rate of PC evaporation, where a higher base pressure decreases the rate of evaporation. As the vapor pressure itself is almost independent on the ambient pressure in the analysis chamber, 43 this can be explained by diffusion limitation with increased pressure: The diffusion of the evaporating PC molecules through the analyzer front cone will be slowed down by the addition of N 2 molecules. This reduces the pumping speed of the solvent molecules and thus increases the time window in which liquid electrolyte is present. After a pumping step of 30 min going from 2 mbar and 0.3 mbar, respectively, to UHV, the relative intensities of the carbonate ester C1s component is reduced to below 0.1 for both samples. The sample measured at 2 mbar was kept in UHV for additional 66 h. In the spectra recorded after this time-period, no emissions from PC could be detected (not shown) indicating complete desorption of PC as also observed when going to UHV directly (see Figure 3) .
The rate of solvent evaporation appears to slow down to a minimum after a certain measurement time, seen as the flattening and convergence of the data points at around half the original intensity for 2 mbar and around 1/3 of the original intensity for the 0.7 mbar measurements ( Figure 6(b) ). For the 2 mbar measurement, this occurs after around 90 min, while for the 0.7 mbar measurement, this occurs after around 70 min. The convergence in evaporation rate is particularly evident when observing the almost unchanged relative C1s intensity when decreasing the pressure from 0.7 mbar to 0.3 mbar (blue squares in Figure 6 (b)). Combined, these results indicate a change in the liquid electrolyte structure that affects the rate of evaporation. It can be speculated that this may be linked to an increased electrolyte salt concentration in the remaining liquid. At the time when the rate flattening is observed, intermolecular interactions could become stronger and thus reduce the rate of solvent evaporation. For the HPXPS methodology presented here, this implies that although the time frame of investigating the original electrolyte composition is limited, there is a time frame for measuring a wet surface. Moreover, combining this with the possibility to vary the sample position, it is clear that the important interactions at the solid electrode electrolyte interface can be probed. Specifically from this article, it is estimated that using 2 mbar N 2 sample pressure for the 1 M LiClO 4 in PC electrolyte yields a measurement time frame for studying the solid electrode electrolyte interface of approximately 90 min.
The electrode electrolyte interface on electrochemically modified Si electrode
The developed methodology may be used to study applications where the key function lies in the interactions between a solid sample and a liquid electrolyte. This method was therefore used for the investigation of an electrochemically cycled silicon electrode. Prior to the HPXPS measurements, the silicon electrode was cycled versus lithium using an electrolyte consisting of 1 M LiClO 4 in PC, thus forming the SEI on the electrode surface. The electrochemical performance is provided in Figure S3 . 42 The goal of these HPXPS measurements is to investigate the SEI properties in presence of the liquid electrolyte. The preliminary characterization was carried out on fully delithiated silicon electrodes taken directly from cycled batteries. The measurements were performed at different time intervals at 2 mbar N 2 pressure and subsequent at UHV (ca. 30 min pumping from 2 mbar to UHV). The XPS results are shown in Figure 7 . The characteristic emissions of PC showed its evaporation also in this case (C1s peak at 292 eV and O1s peaks at 535.4 eV). As time evolves, the intensities of these characteristic solvent peaks decrease and are no longer visible for the subsequent UHV measurement. The carbon black peak (black in Figure 7 ) at ca. 283.5 eV becomes more pronounced as the PC emissions decrease. Since the carbon black only exists in the solid substrate electrode, the observation of its signal is a clear sign that the HPXPS measurement can probe the bulk through the complete SEI layer. The relative peak structures originating from the SEI are rather stable with time, and the main difference is primarily due to the evaporation of the solvent. The SEI layer in this study mainly consists of Li 2 CO 3 (C1s at 291.3 eV are O1s at 533 eV), polyether-like compounds, (O1s at 534.2 eV and C1s at 288 eV) and hydrocarbon species beside the LiClO 4 salt residue from the electrolyte. Thus, the here measured SEI composition is similar to that observed in previous XPS studies on carbonaceous electrodes that have been cycled with PC-based liquid electrolytes and where the formed SEI layer is dominated by polyether-, hydrocarbon-, and carbonate-species. 3, 44 These first HPXPS results show that the SEI formed on the Si-anode under present conditions is largely unaffected by the liquid solvent, and that UHV based studies on dry samples give a reasonable representation of the composition of the SEI in a complete device.
These results imply that the real benefit from HPXPS studies of battery samples comes when going to operando measurements. Many of the components suggested to form within the SEI are highly reactive and may react further with the surrounding components, in this way forming the SEI. 3 With operando HPXPS, these initial chemical reactions can be followed. The open design of the HPXPS introduction and analysis chamber used in this study, 26 allowing insertion of samples without exposure to high vacuum, yields the possibility to maintain a liquid electrolyte during HPXPS measurements. This in turn allows for a simple full battery sample design for operando HPXPS measurements by including electrical feedthroughs and a counter electrode at the position of the probed electrode. For operando battery system analysis, improvements to the measurements should include, e.g., better sample transfer equipment or integration of a glovebox with the HPXPS instrument to further reduce air exposure. 38 Replacing the N 2 gas with Ar would also eliminate the possibility of Li 3 N formation in cases where metallic Li is present in the sample. 45 Moreover, a more stable electrolyte composition can be achieved by saturating the atmosphere in the analysis chamber with solvent molecules, e.g., by introducing electrolyte solvent at its vapor pressure into the analysis compartment. In realizing this, the chemical processes building up the SEI can be followed in real time yielding increased understanding of the SEI formation process, ultimately leading to improved battery performance.
CONCLUSIONS
For the first time, we present high pressure photoelectron spectroscopy results of the solid/liquid interface in Liion batteries based on a silicon negative electrode and a PC/LiClO 4 electrolyte as a model system. The presence of liquid electrolyte at the electrode surface was achieved by designing a sample preparation and transfer procedure that allowed the introduction of electrochemical samples into the analysis chamber without an intermediate UHV step. The liquid drop was maintained for a sufficiently long period to perform the HPXPS characterizations by introducing a base pressure of N 2 in the range of a few millibars, which leads to a significantly shorter mean free path of the evaporating solvent molecules compared to the mean free path of the emitted photoelectrons.
By moving the sample in the vertical direction with respect to the analyzer inlet cone, the region showing the full solid/electrolyte interface was pinpointed. It is demonstrated that for the given system, the solid electrode electrolyte interface can be considered stable for time well within the time frame to conduct thorough HPXPS analysis.
Results obtained from the electrochemically modified Si electrode with liquid electrolyte showed the presence of an SEI with a similar composition as observed in measurements at UHV sample pressures. This proves the relevance of previously published UHV XPS studies of the formed SEI and moreover underlines that the investigated solid electrode electrolyte interfaces, obtained via the high pressure sample transfer technique described here, are stable.
It is expected that a combination of our transfer technique with in situ/operando studies using both hard x-ray photoelectron spectroscopy and high pressure (HP-HAXPES) will yield deeper insights to important intermediate electrochemical processes. Specifically, compositional changes in the liquid electrolyte, solid electrode, and at their interface could be investigated simultaneously.
